Multiple cellular organelles tightly orchestrate intracellular calcium (Ca 2+ ) dynamics to regulate cellular activities and maintain homeostasis. The interplay between the endoplasmic reticulum (ER), a major store of intracellular Ca 2+ , and mitochondria, an important source of adenosine triphosphate (ATP), has been the subject of much research, as their dysfunctionality has been linked with metabolic diseases. Interestingly, through out the cell's cytosolic domain, these two organelles share common microdomains called mitochondria-associated ER membranes (MAMs), where their membranes are in close apposition. The role of MAMs is critical for intracellular Ca 2+ dynamics as they provide hubs for direct Ca 2+ exchange between the organelles. A recent experimental study reported correlation between obesity and MAM formation in mouse liver cells, and obesity-related cellular changes that are closely associated with the regulation of Ca 2+ dynamics. We constructed a mathematical model to study the effects of MAM Ca 2+ dynamics on global Ca 2+ activities. Through a series of model simulations, we investigated cellular mechanisms underlying the altered Ca 2+ dynamics in the cells under obesity. We found that the formation of MAMs is negatively correlated with the amplitude of cytosolic Ca 2+ activities, but positively correlated with that of mitochondrial Ca 2+ dynamics and the overall frequency of Ca 2+ oscillations. We November 20, 2018 1/32 predict that, as the dosage of stimulus gradually increases, liver cells from obese mice will reach the state of saturated cytosolic Ca 2+ concentration at a lower stimulus concentration, compared to cells from healthy mice.
Introduction
Schematic diagram of Ca 2+ dynamics described by the model. The ER releases Ca 2+ to the cytosol and MAM; the fluxes are denoted as J IPR and J nIPR , respectively. The cytosolic Ca 2+ is pumped back into the ER lumen via SERCA (J SERCA ), and the Ca 2+ in MAM are also pumped back into the ER (J nSERCA ). Mitochondria uptake Ca 2+ from the cytosol (J MCU ) and MAM (J nMCU ), and mitochondrial Ca 2+ is exchanged with Na + in the cytosol (J NCX ) and MAM (J nNCX ). Ca 2+ can freely diffuse between the cytosol and MAM (J diff ).
assumed that Ca 2+ concentration within each region, denoted by C ER , C cyt , C mito , and 105 C M AM , respectively, is determined by Ca 2+ influxes and effluxes going in and out of 106 that region. Fig. 1 shows a schematic diagram of the compartments and Ca 2+ fluxes in 107 the model. Since the model does not include Ca 2+ fluxes across the plasma membrane, 108 the total intracellular Ca 2+ concentration, C t , is written as:
The R V 's account for compartment volume differences and are defined as:
110
R V1 = total cytosolic volume total MAM volume , R V2 = total cytosolic volume total ER volume , R V3 = total cytosolic volume total mitochondrial volume . equations (ODEs): .
While m 24 , m 42 , and h 24 are assumed to have reached their quasi-equilibria 139 instantaneously, there is the rate at which h 42 approaches its equilibrium, λ h42 , C p = C p0 (C ER /680) denotes the concentration of Ca 2+ at the pore of a receptor. The The open probability of the IPRs in the cytosol, O IPR is defined as
represents the proportion of the IPRs that are in the drive mode. Then the IPR fluxes 143 are modeled as:
where O nIPR is in the same functional form as O IPR , except that the composing 145 functions are now expressed with C M AM and P M AM , instead of C cyt and P .
146
The diffusion flux between the MAM and the cytosol is a linear function of the 147 concentration difference, Small leak fluxes across the ER membrane are given by
We follow Wacquier et al. [22] in modeling the SERCA, the MCU, and the NCX fluxes, 150
They set the parameter K 1 to 6 µM, but this represents the average level of Ca 2+ in the 151 whole cytosol, including MAMs, when the concentration reaches a physiologically 152 reasonable level in MAMs. Since we consider MAMs explicitly in the model, we set K 1 153 to 19 µM, as originally proposed by Magnus et al. [16] .
concentrations in the ER lumen in permeabilized hepatocytes, while the concentration 158 of IP 3 was clamped at a submaximal concentration [26] . Thus, we assumed that Ca 2+ 159 oscillations are primarily generated by Ca 2+ feedback on the opening and closing 160 kinetics of the IPR. For simplicity, we did not consider cellular formation or breakdown 161 of IP 3 that involves Ca 2+ or protein kinase C (PKC). Instead, we model IP 3 dynamics 162 as a gradual increase from 0 µM to its steady-state concentration, P s , at a rate of τ p .
163
However, if hepatocytes were to exhibit IP 3 oscillations, it is possible to include positive 164 and/or negative Ca 2+ feedback on IP 3 metabolism in the model to introduce IP 3 165 oscillations as passive reflections of Ca 2+ oscillations.
166
Apart from continuous stimulation, the model can be perturbed with a single 167 stimulation in a pulsatile manner. In such a case, cells would be exposed to a certain 168 amount of agonist for a short period of time. While continuous stimulation saturates 169 the concentration of IP 3 to its steady state, a pulse stimulation produces a sudden 170 increase in IP 3 concentration, followed by a natural decay at a rate of degradation. In 171 the model, a pulse of stimulation is described by
where H is the Heaviside function 173
M is the pulse magnitude, t 0 is the time at which the pulse is given, and is the pulse 174 duration.
175
Mitochondrial metabolic pathway model 176 The main function of mitochondria is to create ATP by oxidative phosphorylation. Due 177 to this particular role, mitochondria are the powerhouse of the cell. The mitochondrial 178 metabolic pathway is initiated by the uptake of pyruvate, which is the end product of membrane.
192
Ca 2+ is an important component in mitochondrial metabolism, as it promotes the production of NADH. An increase in mitochondrial Ca 2+ concentration upregulates the TCA cycle, and an increase in cytosolic Ca 2+ concentration stimulates the aspartate-glutamate carrier (AGC), a protein involved in the MAS. We incorporated a part of the model in Wacquier et al. [22] to describe Ca 2+ -stimulated mitochondrial metabolism. We combined the calcium model with a model of mitochondrial metabolic pathways proposed by Wacquier et al. [22] :
The variables ADP c and ADP m measure ADP concentrations in the cytosol and Table . For modeling purposes, some of the parameters are 208 modified from their original values as in Wacquier et al. [22] . We find these 209 modifications justifiable, as the original values were chosen by the authors to reproduce 210 their experimental data, and hence were not based on any physiological evidence. To determine whether the model can reproduce the experimental observations of affected by the parameter increases, however, the mitochondrial Ca 2+ transient 234 exhibited a larger amplitude ( Fig. 2A and Fig. 2C ). These results are compatible with 235 the experimental observation. Given that the MCU has a low Ca 2+ affinity, i.e., it requires high concentrations of Ca 2+ for channel activation, increasing the mitochondrial surface portion that faces MAMs, and thus exposing more MCUs to 238 higher concentrations of Ca 2+ , would lead to augmented MCU Ca 2+ flux, and 239 consequently, induce larger amplitudes of mitochondrial Ca 2+ activities. 240 We also studied model behavior under continuous stimulation. Instead of producing 241 IP 3 in a pulsatile manner, we modeled the concentration of IP 3 to gradually increase 242 until it reaches a steady state, P s . The model exhibited stable oscillations in cytosolic 243 and mitochondrial Ca 2+ concentrations ( Fig. 2B and Fig. 2D ). The increases of the R S 244 ratios were followed by an increased amplitude in mitochondrial oscillations, while the 245 amplitude change in the cytosolic Ca 2+ oscillations was negligible. The blue oscillations were generated with the control parameters. Again, when we generated the red oscillations, R S1 and R S2 were increased by 50%.
Ca 2+ activities in MAMs
247
Experimental observations suggest that Ca 2+ concentration in MAMs is about 10-fold 248 higher than that of the cytosol, and about 10-fold lower than that in the ER 249 lumen [28, 29] . We examined whether the model reproduces these phenomena. The 250 model was continuously stimulated with a constant IP 3 concentration at its steady state 251 P s = 0.3 µM to generate stable oscillations in all three compartments (Fig. 3A ). The 252 model simulated the expected order differences in the Ca 2+ concentrations between the 253 domains. We note that this model behavior is solely induced from the model 254 assumption of a significantly large volume difference between the cytosol and MAMs.
255
Since the portion of the ER membrane that faces the cytosol is larger than the other 256 section juxtaposing MAMs, it is not surprising to see the larger cytosolic IPR Ca 2+ flux 257 ( Fig. 3B and Fig. 3C) . Nonetheless, the model simulated MAM Ca 2+ oscillations with 258 higher peaks, despite the relatively smaller MAM IPR Ca 2+ fluxes. Comparing Ca 2+ oscillations: Control vs. obesity 260 Arruda et al. [9] reported the effects of obesity on the morphology of hepatic ER and 261 mitochondria. Their study involved lean mice and two different groups of obese mice, 262 one that had been on high-fat diet (HFD) for 16 weeks, and the other, genetically obese 263 (ob/ob) mice. One of their main findings was that both groups of obese mice had a We do not know the exact population of Ca 2+ channels in mouse hepatocytes.
281
However, the experimental data provide some guidelines for the relative expression 282 levels between the control (lean) group and the obese group. The parameters shown in 283 which will be referred to as the control model from here on, model outcomes were 285 regarded as the baseline behaviors for later comparison. Based on the experimental results discussed above, we modified some of the parameters to reflect cellular changes 287 that are associated with obesity. Table 2 shows the parameter modifications. The model 288 with the modified parameters will be referred to as the obesity model. We compared 289 behaviors of the obesity model to those of the control model to confirm that the models 290 correctly capture the gap between Ca 2+ activities observed in hepatocytes from lean 291 and obese mice.
292 Table 2 . Modified parameters for the obesity model simulations.
Parameter control model obesity model
The panels in Fig. 4 show Ca 2+ oscillations generated from the control and obesity 293 models with the same magnitude of stimulation. Oscillations of (A) cytosolic and (B) mitochondrial Ca 2+ concentrations. The blue oscillations were generated from the model with the control parameters. When simulating the red oscillations, some of the parameters were modified as in Table 2 . Throughout the simulation, IP 3 concentration was held constant at 0.3 µM.
We have previously discussed that a possible mechanism underlying the amplitude 304 change in mitochondrial Ca 2+ activities associated with the enhancement of MAM 305 formation is a synergistic process that comes from the MCU's low Ca 2+ affinity and the 306 small volume of MAMs. The increase in the amplitude of mitochondrial Ca 2+ 307 oscillations induced from the increased degree of MAM formation is already evident in 308 Fig. 2 . Interestingly, expressing more MAMs in the model slightly increased the 309 oscillation frequency. Table 3 . Effects of increasing the degree of MAM formation, IPR activity, and MCU activity on the amplitudes of cytosolic and mitochondrial Ca 2+ oscillations and the oscillation frequency.
in MAMs in C cyt amplitude in C mito amplitude in oscillation freq.
Secondly, we looked at the effects of increased IPR activity on Ca 2+ oscillations, by 319 increasing k IPR and k nIPR , the rate constants for the IPR Ca 2+ fluxes. These 320 adjustments lead to an increase in the magnitude of total Ca 2+ flux through the IPR, 321
either from an increased number of channels or an increase in the maximum strength of 322 each channel. Since the model is a deterministic model that incorporates all-or-none 323 activation of IPRs, we intuitively expected the increased IPR parameters to generate 324 Ca 2+ oscillations with larger amplitudes in both the cytosol and mitochondria. The We further increased k IPR and k nIPR by 50%, and then by 100%, to affirm the 336 positive correlation between the parameters and the oscillation amplitudes and 337 frequency ( Table 3 ). It is evident that the corresponding parameter modifications had 338 strong positive effects on all three properties of oscillations that were of interest. To verify these predictions, we suggest measuring Ca 2+ responses in liver cells with 374 each of the three conditions to a wide range of IP 3 concentration, and see if the average 375 IP 3 oscillatory range was decreased in the ob/ob condition. However, one of the 376 challenges of this experiment is that, due to cell-to-cell variability, it is critical to 377 measure responses from a myriad of cells before drawing a conclusion. while the additional change that only appeared in the ob/ob has the opposite effect.
410
Thus, we postulate that the increase of MCU channel density observed in the ob/ob 411 mouse cells is a secondary effect of obesity that counteracts other cellular changes that 412 occur in the HFD mouse cells.
413
Metabolic flexibility refers to the ability of the organism to adapt its fuel source, 414 depending on availability and need [30] , and emerging evidence suggests the involvement 415 of MAMs in metabolic flexibility [31] . Interestingly, Rieusset et al. [32] reported a link 416 between the disruption of ER-mitochondrial Ca 2+ exchange and hepatic insulin 417 resistance in their mouse model. As we have shown in this paper, hepatic cellular 418 changes associated with HFD and obesity affect Ca 2+ oscillation frequencies and 419 amplitudes. However, the question of whether the altered Ca 2+ dynamics plays a causal 420 role in the development of hepatic insulin resistance and metabolic diseases remains to 421 be explored. We eagerly anticipate that our model can be one of stepping stones 422 addressing such conundrum.
There are many studies that associate mitochondrial Ca 2+ dynamics with the 425 generation of ROS [8, 33, 34] . It has been suggested that mitochondrial Ca 2+ 426 up-regulates ETC, which in turn increases the generation of mitochondrial superoxide, 427 one of the main forms of ROS. As a counter mechanism, Ca 2+ also activates enzymes 428 that scavenge superoxide. The optimal feedback mechanisms between mitochondrial 429 Ca 2+ and ROS would keep ROS at a tolerable level to avoid ROS-induced apoptosis.
430
Achieving this state requires a balance between the production and degradation of ROS, 431 and most likely in a time-delay manner. We have shown that the cellular changes frequency to a sustainable level. Of course, this mechanism has to be finely controlled, 451
as there are other problems, such as mitochondrial Ca 2+ overload, that come with it.
As discussed before, we presented a closed-cell model, and did not include Ca 2+ fluxes 454 across the plasma membrane, such as the ones via store-operated Ca 2+ channels
